Energy transfer and enhanced luminescence in metal oxide nanoparticle and rare earth codoped silica Neng Rare-earth ͑RE͒ doped silicon or silica ͑REDS͒ is one of the promising materials to realize Si-based light emitters with high luminescence efficiency for monolithic optoelectron integrations.
1-3 Generally, due to the sharp absorption peaks of RE ions, they can not be effectively excited, for example, the effective excitation cross section of Er 3+ in SiO 2 is as low as 10 −21 cm 2 . 4, 5 So far, many methods have been used to circumvent this problem, among which, nanoparticle codoping is discovered to be an efficient route. A good example is the Er 3+ doped silicon rich SiO 2 film, in which Er 3+ is sensitized by the silicon nanoparticles formed in the SiO 2 matrix. 6, 7 Although good results have been obtained, the Auger process induced luminescence quench and the possible energy back transfer from the Er 3+ energy levels to the silicon nanoparticles due to its low energy band hampered further improvements of the luminescence efficiency. More recently, some researches turned to the use of nanoparticles with large band gap in order to eliminate the energy back transfer effect. [8] [9] [10] Due to the large absorption cross section of the nanoparticle and effective energy transfer from the nanoparticle to the RE ions, the luminescence intensity of the RE can be greatly enhanced. However, the detailed excitation and luminescence process are still unclear, though the dipole-dipole energy transfer from the nanoparticles to RE ions was proposed to explain the luminescence enhancement behavior.
In the present work, In 2 O 3 nanoparticle and Eu 3+ ions encapsulated in SiO 2 film was prepared by using sol-gel method. In 2 O 3 was selected because bulk In 2 O 3 has a wide band gap of ϳ3.7 eV and it is easy to be crystallized at low temperature. 9 The 3+ was fixed at 4% ͑molar ratio, the same as follows͒ and the concentration of In 3+ was changed from 1% to 20%. The films were spin coated on n-type silicon ͑100͒ substrates and then annealed at different temperatures. The thicknesses for all the samples are around 550 nm with a variation within 10% as revealed by the crosssectional scanning electron microscopy. The detailed preparation processes can be found elsewhere.
11 Room temperature PL spectrum and SSPL techniques were used to study the excitation and luminescence process in codoped silica films. Figure 1͑a͒ shows the bright field planar transmission electron microscopy ͑TEM͒ images of the 20% In 3+ incorporated REDS films after being annealed at 900°C. It is demonstrated that In 2 O 3 nanoparticles are formed in amorphous SiO 2 host matrix. The average size of the In 2 O 3 nanoparticles is about 5 nm with an area density of 5 ϫ 10 11 cm −2 . The electron diffraction pattern given in the inset of Figure 1͑b͒ presents the typical PL spectra of the 10% In 3+ incorporated thin films annealed at different temperatures from 600 to 1100°C under 270 nm light excitation. As denoted in the figure, the peaks located at 573, 585, 610, 648, and 700 nm can be attributed to the 5 D 0 -7 F J ͑J =0-4͒ characteristic emissions, respectively. 4, 8 Figure 1͑b͒ gives the dependence of the 5 D 0 -7 F 2 integrated PL intensity on the anneal temperature. The films annealed at 900°C have the most intensive luminescence signal, while the 1100°C annealed film shows featureless spectrum in this region. Since the Eu 3+ doping concentration is fixed at 4% in all films, the PL enhancement in the 900°C annealed film can be attributed to the increase in the excitation efficiency of the Eu 12 SSPL measures the luminescence signal by changing the offset between the excitation and emission wavelength, which has the ability to give information about both the excitation and emission process with high resolution. 13, 14 A series of typical SSPL spectra for the 20% In 3+ incorporated films are presented in Fig. 2͑a͒ . There are two distinguishable peaks ͑P1 and P2͒ in the spectra and they shift toward the high energy side with increasing the offset from 240 to 340 nm. By taking into account the offset, these two peaks can be assigned to the emission bands located at 585 ͑ 5 D 0 -7 F 1 ͒ and 610 nm ͑ 5 D 0 -7 F 2 ͒, respectively, which means the emission band is kept at the characteristic emission of Eu 3+ ions under excitation with various wavelengths. It is worth noting that the intensity of SSPL peaks changes simultaneously while changing the offset. The dependence of the SSPL peak intensity corresponding to the 610 nm emission ͑P2͒ on the excitation wavelength is plotted in Fig. 2͑b͒ for films with different In 3+ concentrations. It is found that the SSPL intensity increases upon increasing the In 3+ concentration from 1% to 20%, which is in good agreement with our PL results. It is also found that the SSPL intensity is dependent on the excitation wavelength. A resonant feature could be observed and the maximum shifts to high energy side with decreasing the In 3+ concentration. As denoted by the arrows, the SSPL maximum in 20% In 3+ incorporated film is located at 285 nm, while the 1% In 3+ incorporated film shows a maximum around 265 nm. It has been reported that the excitation band around 260-280 nm is raised from the CTB of O 2− -Eu 3+ , which exists in the RE doped oxide as a broad excitation band with considerable intensity. 15 As the position of the excitation maximum and intensity of the CTB both are dependent on the In 3+ concentration, the PL process of Eu
3+
should be associated with the In 2 O 3 nanoparticles embedded in SiO 2 matrix, i.e., the PL enhancement is caused by the In 2 O 3 nanoparticles due to the energy transfer process between the In 2 O 3 nanoparticles and Eu 3+ ions. According to the Fermi's "golden rule," which describes the energy transfer between the donor and acceptor luminescence center, the energy transfer rate can be written as 15, 16 where DA * and D * A represents the initial and final states, respectively. ͑E͒␦͑E f − E i − Nប͒ stands for the conservation term and N f is the degeneracy of the energy levels. The integration in the matrix element indicates that the energy transfer probability is governed by the energy levels matching and the space distance between the donor and acceptor. Based on the above concept, an illustration of energy transfer process for explaining the luminescence enhancement mechanism can be drawn in Fig. 3 , which is different from the direct energy transfer between the MONP and RE ions.
Since In 2 O 3 nanoparticles show different band-gap levels depending on the particle size, by using the estimated band gap based on the effective mass approximation, 17 three typical situations are concluded: ͑1͒ The highest lying level ͑level 1͒ represents the energy level of small In 2 O 3 nanocluster with diameter at about 2 nm ͑E g ϳ 5.58 eV͒. 17 As the energy level of In 2 O 3 is higher than the CTB, energy relaxation requires the aid of phonons during the energy transfer from In 2 O 3 to the CTB of Eu 3+ , so the PL enhancement works, but the efficiency is not very high, which results in relatively lower PL intensity. ͑2͒ The level lying in the middle ͑level 2͒ represents the In 2 O 3 nanoparticle with size about 5 nm ͑E g ϳ 4.46 eV͒. The energy level of the In 2 O 3 nanoparticle and that of the CTB are perfectly matched, which makes the energy transfer between In 2 O 3 and Eu 3+ works efficiently, so the PL intensity of Eu 3+ can be greatly enhanced. ͑3͒ The lowest lying level ͑level 3͒ represents the band level of bulk In 2 O 3 . The energy levels are not matched in this situation, and it is possible that the energy transfer will occur from the CTB to the energy level of In 2 O 3 . In this situation, the In 2 O 3 nanoparticles will act as PL quench centers.
According to the above model, the PL results presented in Fig. 1 can be well understood. For films annealed below 800°C, In 2 O 3 clusters were formed in the SiO 2 matrix with small particle size and the energy level is as high as the level labeled by 1 in Fig. 3 . The phonon assisted energy transfer from In 2 O 3 to the CTB of Eu 3+ results in a moderate PL intensity of Eu 3+ . When films were annealed at around 900°C, the 5 nm sized In 2 O 3 nanoparticle formed in the film resulting in the energy level being well aligned with the CTB ͑as level 2 in Fig. 3͒ . A resonant energy transfer process makes the Eu 3+ ions effectively excitated, and the PL intensity is greatly enhanced. With elevating the annealing temperature to 1100°C, the In 2 O 3 nanoparticles formed in the SiO 2 matrix with size of 60 nm, 11 its band gap now is narrower, as the level labeled as 3 shown in Fig. 3 . The PL of Eu 3+ now is quenched by the nearby In 2 O 3 nanoparticles resulting in the featureless spectrum.
For films annealed at 900°C with different In 3+ concentration, the size of the In 2 O 3 nanoparticles tends to increase with elevating the In 3+ concentration, which makes the band gap of the In 2 O 3 nanoparticle become a little smaller. However, the size change is limited within ϳ1 nm, 11 corresponding to a band-gap shift of ϳ0.3 eV ͑wavelength shift of ϳ20 nm͒, 17 which is in good agreement with the experimental results shown in Fig. 2͑b͒ . As the band gap of the In 2 O 3 nanoparticle changes little, and also due to the broad CTB band, the effective resonant energy transfer between the In 2 O 3 and Eu 3+ also works in films with different In 3+ concentration, which gives rise to the enhanced luminescence from Eu 3+ . It is also possible that the density of the In 2 O 3 nanoparticles increases with increasing the In 3+ concentration, resulting in the portion of the excited RE ions to increase; however, a simple calculation suggests that this kind of effect takes a much smaller part in enhancing the PL intensity.
In conclusion, SiO 2 thin films doped with Eu 3+ and In 2 O 3 nanoparticle were prepared and the size of the In 2 O 3 can be well tuned by controlling the annealing temperature and In 3+ concentrations. It is found that the PL intensity of Eu 3+ can be greatly enhanced by codoping with the MONP. The 900°C annealed films shows the strongest PL intensity, which is 20 times stronger than the films without MONP. We propose that the enhancement of PL is caused by the effective resonant energy transfer process from MONP to the charge transfer band of O 2+ -Eu 3+ instead of the direct transfer to the energy levels of RE ions. 
